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Plants regulate growth and respond to environ-
mental stress through abscisic acid (ABA) regulated
pathways, and as such these pathways are of
primary interest for biological and agricultural
research. The ABA response is first perceived by
the PYR/PYL/RCAR class of START protein recep-
tors. These ABA activated receptors disrupt phos-
phatase inhibition of Snf1-related kinases (SnRKs),
enabling kinase signaling. Here, insights into the
structural mechanism of proteins in the ABA
signaling pathway (the ABA receptor PYL2, HAB1
phosphatase, and two kinases, SnRK2.3 and 2.6)
are discerned through hydrogen/deuterium ex-
change (HDX) mass spectrometry. HDX on the phos-
phatase in the presence of binding partners provides
evidence for receptor-specific conformations in-
volving the Trp385 ‘‘lock’’ that is necessary for
signaling. Furthermore, kinase activity is linked to
a more stable ‘‘closed’’ conformation. These solu-
tion-based studies complement the static crystal
structures and provide a more detailed under-
standing of the ABA signaling pathway.
INTRODUCTION
The abscisic acid (ABA) plant hormone regulates growth and
stress responses, making ABA signaling an important area for
biological and agricultural research. ABA production increases
in plants when they experience stressful environmental condi-
tions such as drought and high salinity (Tuteja, 2007; Joshi-
Saha et al., 2011). The ABA drought response pathway initiates
several adaptive responses, including ion channel-regulated
closure of stomata to reduce water loss through evaporation
(Pandey et al., 2007; Sirichandra et al., 2009). ABA signaling is
initiated through the PYR/PYL/RCAR class of START protein
receptors, including PYL2 (Ma et al., 2009; Melcher et al.,
2009; Park et al., 2009; Santiago et al., 2009). At high ABAStructure 21, 22concentrations, PYL2 binds and inhibits type 2C protein phos-
phatases (PP2Cs) such as HAB1 in an ABA-dependent fashion.
At low levels of ABA, START receptors dissociate from PP2Cs,
allowing PP2Cs to prevent phosphorylation and activation of
several serine/threonine protein kinases belonging to the
sucrose non-fermenting1-related subfamily 2 (SnRK2s) (Mustilli
et al., 2002; Yoshida et al., 2002; Belin et al., 2006; Umezawa
et al., 2009; Soon et al., 2012). A specific example is shown in
the cartoon in the graphical abstract, where activation of PYL2
by ABA disrupts PP2C inhibition of SnRK2s, leading to SnRK2
phosphorylation and activation.
Recent biochemical and crystallization efforts confirmed
protein complex inhibition mechanisms of PYR/PYL/RCAR and
PP2C phosphatases in SnRK2 activation (Melcher et al., 2009,
2010; Miyazono et al., 2009; Nishimura et al., 2009; Santiago
et al., 2009; Yin et al., 2009; Cutler et al., 2010; Weiner et al.,
2010; Dupeux et al., 2011). ABA binds to PYR/PYL/RCAR recep-
tors inside a conserved pocket flanked by two loops at the b3/b4
and b5/b6 junction, called the gate and the latch, respectively.
The gate and latch also lie in the binding interface for the HAB1
phosphatase. ABA induces conformational changes to the
gate and latch, increasing recruitment of HAB1. Increased
PYL2 competition for HAB1 and inhibition of phosphatase cata-
lytic activity in turn disrupts HAB1/SnRK2 complexes, leading to
SnRK2 activation. Crystal structures have been resolved for two
SnRK2 family members, SnRK2.6 and SnRK2.3, in the open (Ng
et al., 2011; Xie et al., 2012; Yunta et al., 2011; Soon et al., 2012)
and closed (Ng et al., 2011) conformations. The ‘‘closed’’ confor-
mation is indicative of active kinases (Nolen et al., 2004; Chen
et al., 2009; Rabiller et al., 2010). Contrary to this rationale, the
more active SnRK2.6 adopted an ‘‘open’’ (inactive) conformation
and SnRK2.3 adopted a closed (active) conformation in X-ray
crystal structures (Ng et al., 2011). The unexpected conforma-
tions could be a result of crystal packing in the solid structures.
Another technique used to study protein conformation is
hydrogen/deuterium exchange (HDX) (Englander, 2006; Chalm-
ers et al., 2011; Konermann et al., 2011), which has emerged
as a powerful technique for studying perturbations to protein
conformation ensembles by binding partners in solution. This
technique has been used previously for the structural study of
kinases (Burns-Hamuro et al., 2005; Wales and Engen, 2006;
Chen et al., 2007; Zhang et al., 2010; Ring et al., 2011). Here,9–235, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 229
Structure
Structural Mechanisms in the ABA Signaling PathwayHDX coupled with mass spectrometry was used to characterize
the conformational flexibility of four ABA pathway proteins: the
HAB1 phosphatase, PYL2 receptor, and the SnRK2.6 and
SnRK2.3 kinases. These proteins were analyzed separately
and in complexes with binding partners in the presence and
absence of ABA. Analysis of PYL2 provided further insight into
gate/latch motions upon ABA and subsequent phosphatase
binding. Differential deuterium uptake around the HAB1 phos-
phatase ‘‘W385 lock’’ provides evidence for PYL2-specific stabi-
lization at this region, and suggests that interactions here are at
least partially responsible for the phosphatase’s increased
affinity for ABA-bound PYL2 over kinases. HDX profiles of the
kinases identify local regions involved in kinase activity. In addi-
tion, the ensemble of conformations for SnRK2.6 has a slight
preference for the more stable closed conformation. Together
with high-resolution solid-state structures, these data provide
a detailed picture of the subtle conformational fluctuations that
allow these signaling proteins to regulate such important survival
functions in plants.
RESULTS
HDX of PYL2 and the HAB1 Phosphatase
HDX of peptic peptides across the PYL2(14–188) and
HAB1(172–511) phosphatase sequences are shown in Figures
S1a, S1b, S2a, and S2b (available online). In general, peptides
contained completely within alpha-helical and beta sheet
regions of the proteins show a higher degree of protection to
solvent exchange (i.e., < 50%) when compared to peptides
from unstructured loops and termini. One exception is helix-1
in PYL2, which exhibited moderate HDX (70%–80% deuterium
incorporation) even at the earliest time point of 10 s, suggesting
that most amides in this region are not protected from HDX. This
helix may frequently undergo local conformation fluctuations or
adopt a less stable conformation with regard to its amide
hydrogen bonding network. It is also possible that the truncated
N terminus may weaken local stability in this region. When map-
ped back to the intact protein sequence, some peptic peptides
spanned both structured helical or sheet regions as well as
unstructured regions. In these cases, the HDX reflects an
average value for the entire sequence and is not sublocalized
to specific secondary structural motifs (e.g., peptides containing
helices 2 and 3 in HAB1 overlap with sequences for neighboring
loops, as seen in Figures S2a and S2b). Barring these excep-
tions, HDX was lower for regions with defined secondary struc-
ture and for the cores of HAB1 and PYL2 (i.e., amide hydrogens
from regions lacking defined secondary structures around the
proteins’ surfaces exchanged to a greater extent with the deuter-
ated solvent).
Single residue HDX was obtained in some regions with over-
lapping peptides using methods previously described (Resing
et al., 1999; Burns-Hamuro et al., 2005; Pascal et al., 2009) in
which the difference between the numbers of deuterium atoms
exchanged in two overlapping peptides can be used to deter-
mine the deuterium content in the nonoverlapping amino acids.
Single amino acid resolution was determined by subtracting
two overlapping peptides containing residues 122–14X (where
X = 1–5). This region of PYL2 corresponds to residues YTVV
(142–145) (Figure S1c). All four backbone amides of these resi-230 Structure 21, 229–235, February 5, 2013 ª2013 Elsevier Ltd All rdues make hydrogen bonds in the crystal structure for apo
PYL2 (Figure S1d). As expected, Y142 and the pair of valine
amides (V144 and V145) show a relatively high degree of protec-
tion to HDX. Low deuterium incorporation (21%) was observed
after 1 hr of HDX at the Y142 amide position. The two valine
amides are fully protected from exchange and are involved in
hydrogen bonds within the b sheet. However, higher deuterium
incorporation (97%) was observed for the T143 amide after
1 hr of HDX, indicating that any hydrogen bonding at this amide
is weak or transient in solution. There is some evidence to
support this in the crystal structure for PYL2, where the back-
bone carbonyl of I43 can make hydrogen bonds with both the
T143 and A45 amides. This competition could result in weaker
hydrogen bonding at T143 or a rapid breaking and forming of
hydrogen bonds between these sites in solution.
Gate/Latch Mechanism of PYL2
The latch region in PYL2 is stabilized upon ABA binding, but the
gate region remains dynamic until binding of phosphatase. The
ABA binding pocket is enclosed by a gate-like loop between
b strands 3 and 4 and a latch-like region formed by a loop
between b strands 5 and 6 (Figure 1A). The relative amounts of
deuterium incorporation for peptides from the gate and latch
regions after 60 s exposure to heavy water can be seen in
selected mass spectra shown in Figure 1B. Deuterium incorpo-
ration drops by over 15% at the latch in the presence of ABA,
whereas deuterium incorporation at the gate is relatively unaf-
fected until phosphatase is present. This finding, on first sight,
appears to be contradictory to current gate closure models.
We speculate that this may be attributable to dimerization. The
gate (but not the latch) also forms the major dimerization inter-
face of PYL2. Therefore, in the presence of ABA, the gate
engages in an interaction with the hormone in the ligand binding
pocket (Kd > 50 mM; Yin et al., 2009), whereas in the absence of
ABA, it engages in an alternative dimerization interaction (data
not shown). Both interactions have relatively low affinity and
correspondingly fast off-rates, which explains the high levels of
HDX observed for both states. In contrast, the PYL2-PP2C inter-
action has a binding constant of 200 nM (Melcher et al., 2009;
Hao et al., 2011), greatly stabilizing the gate in the PP2C catalytic
cleft. Together with the reduced solvent accessibility and
extended interactions, this results in the substantial decrease
in HDX. Although addition of phosphatase to the PYL:ABA
complex stabilizes the gate, HDX kinetics of the latch is not
altered by phosphatase. This same trend can be seen across
all time points, from 10 s to 1 hr, using triplicate measurements
in Figure 1C.
Stability of HAB1 Trp ‘‘Lock’’ Region Is PYL2 Specific
Protection to HDX for peptides in the Trp lock region is observed
upon PYL2 binding, but not when bound to SnRK2s. This is not
obvious from crystal structure data, because this region lies in
the docking interface of both complexes (Figure 2A). The percent
in-exchange of deuterium after 30 s exposure to heavy water is
shown for a W385-containing peptide in Figure 2B. ABA-bound
PYL2 reduces in-exchange of deuterium by 50%, but no
perturbation of HDX kinetics was observed in the presence of
kinases. This trend can be seen across all HDX time points in Fig-
ure 2C. Perturbation of HDX kinetics specific to PYL2 was notights reserved
Figure 1. PYL2 Gate and Latch Dynamics
Data for a peptide located in the gate R83EVT
VISGLPASTST97 (red) and a peptide located in the
latch R113VVGGEHRLKNYKSVT128 (blue).
(A) A view of the ABA pocket and gate/latch region
in the ABA-bound PYL2/HAB1 complex. PYL2 is
gray, HAB1 is black, magenta spheres represent
magnesium, ABA is orange, and exchangeable
residues for the peptide in the gate and latch are
colored red and blue, respectively. The structure is
from the Protein Data Bank (3KB3; Melcher et al.,
2009).
(B) Selected mass spectra from the +2 charge ions
of the gate and latch peptides after 60 s exposure
to heavy water. Ion signals after incubation with
ABA or HAB are shown below those of the apo
state. Ion signals of the peptides in the absence of
heavy water are shown in black with their experi-
mental monoisotopic masses indicated for refer-
ence. The percent deuterium uptake calculated
from the isotopic distribution is shown with each
mass spectrum. The y axes are percent absolute
intensity.
(C) HDX data for the gate and latch peptide (again
the +2 ions) in the absence of ligands, presence of ABA, and presence of ABA and HAB1 are plotted as percent deuterium uptake versus time on the logarithmic
scale. Vertical error bars show 1 SD in each direction.
Figure S1 contains the HDX sequence heat map for apo PYL2 and single-residue deuterium exchange data.
Structure
Structural Mechanisms in the ABA Signaling Pathwayobserved for other regions of the phosphatase. For example,
a peptide containing bend 8 shows perturbation to HDX in the
presence of each of the three binding partners (Figure 2D). The
higher affinity observed for ABA:PYL2 binding to HAB1 over
SNRK2s could be partially attributed to differences in the magni-
tude of protection seen in regions like bend 8 upon complex
formation (Figure 2D). However, complete absence of perturba-
tion at the W385 region in the presence of kinases (Figure 2B)
indicates that there are unique interactions here, and that these
unique interactions primarily account for increased PYL2 affinity.
Functional evidence that a W385 mutation reduces affinity for
PYL receptors but does not impair basal HAB1 activity has
been reported (Dupeux et al., 2011), but this structural evidence
accounts for a PYL receptor-specific interaction in this region
that is absent with SnRK2 kinases.
Comparisons between Kinases
SnRK2.6 has increased activity and activation loop autophos-
phorylation compared to SnRK2.3 (Ng et al., 2011). This differ-
ence in activity is intriguing given the high degree of sequence
homology shared by the two kinases and identical sequences
at the active site. The conformational mobility of the kinases
was probed using HDX to explore differences and similarities
in their conformational energy landscapes. Similar trends in
HDX kinetics were observed across the sequences of both
kinases in agreement with the structured and unstructured
regions in the reported crystal structures. In addition, HDX
coverage of SnRK2.3 provided structural context for two regions
that are currently not resolved in X-ray crystal structures (Ng
et al., 2011): the N terminus and the activation loop.
SnRK2.6 adopts an inactive open conformation in solid crys-
tals, despite having higher activity and greater stability over
SnRK2.3 (Ng et al., 2011), which adopts an active closed confor-
mation (Figure 3A). Phosphatases stabilize the inactive confor-Structure 21, 22mation and phosphorylation stabilizes the active conformation.
The solution phase HDX assessment indicates that SnRK2.6
favors a more stable conformation—presumably the active
closed conformation. Sequence differences between SnRK2.6
and SnRK2.3 make comparison of deuterium uptake profiles
between the two kinases challenging. Therefore, a separate
HDX experiment was performed for each of the kinases that
included controls for back exchange (see Experimental Proce-
dures) in order to directly compare deuterium uptake between
the kinases. HDX was compared between the kinases at five
regions implicated in kinase activity that shared similar sequence
homology and similar peptic peptide fragments (Figure 3B). Two
of these regions, the N terminus and the ATP binding site,
showed statistically different deuterium uptake between the
kinases (Figure 3C), indicating that SnRK2.6 adopts conforma-
tions that are more protected or more thermodynamically stable
at these regions than those adopted by SnRK2.3.
Conformation Landscape Alterations in the Presence
of Binding Partners
Protection to HDX spans the protein docking interface for ABA-
PYL2 and HAB1 (Figure 4A; Figures S2–S4) and extends through
some secondary structure motifs back into the core of these
proteins. The greatest magnitude of protection is seen at the
Trp 385 lock in the docking interface of HAB1. In contrast, slower
HDX kinetics of the kinases in the presence of HAB1 is found in
many regions remote from the docking interface (Figure 4B). The
magnitude of HDX protection at the phosphatase is not as
pronounced when in the presence of kinases compared to
ABA-bound PYL2, and is notably absent at the W385 region.
HDX is decreased for each of the two kinases in the presence
of inhibiting phosphatase (Figure 4B), specifically at the activa-
tion loop, the linker, and the aG helix (Figures 4B and 4C; Fig-
ure S4c). The activation loop, which is located inside the cleft9–235, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 231
Figure 2. HAB1 Phosphatase Interaction
Stabilizes PYL2 Binding at the Trp Lock
Region
(A) A view of ABA:PYL2\HAB1 and SnRK2.6\HAB1
docking interfaces. PYL2 is colored orange,
SnRK2.6 is colored green, HAB1 is colored cyan,
magnesium ions are colored purple, ABA is
colored magenta, and W385 is colored red.
(B) Deuterium uptake for a W385 containing HAB1
peptide (373–387 +2 charge) after 30 s of expo-
sure to heavy water. Asterisks indicate significant
difference based on one-way ANOVA/Tukey.
(C) HDX data for the peptide from (B) for the apo
phosphatase or in the presence of SnRK2.6,
SnRK2.3, or PYL2. The data is plotted as percent
deuterium uptake versus time on the logarithmic
scale.
(D) Deuterium uptake for another HAB1 peptide
(239–252), which contains the bend 8 region in the
docking interface after 30 s of exposure to heavy
water. Asterisks indicate significant difference
based on one-way ANOVA/Tukey.
All vertical error bars show 1 SD in each direction.
Figure S2 contains theHDX sequence heatmap for
apo HAB1 and HDX perturbation sequence maps
for HAB1 in the presence of binding partners.
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Structural Mechanisms in the ABA Signaling Pathwaybetween the N- and C-terminal lobes, and the linker region show
increased protection to HDX in the presence of the phosphatase.
The aG helix shows the greatest protection to HDX in the
presence of the phosphatase (Figures 4B and 4C). Protection
at this region, which has not been implicated in kinase activity,
indicates the function of the aG helix is primarily phosphatase
binding. Another SnRK2 region that has received much attention
recently is the ABA box or domain II, which has been proposed
as a direct docking site for phosphatases (Mustilli et al., 2002;
Boudsocq et al., 2004; Yoshida et al., 2006; Joshi-Saha et al.,
2011). The lack of protection by HDX may indicate that the
ABA-dependent activation associated with this region does not
result from alterations to the amide backbone hydrogen bonding
network (Figure S4).
DISCUSSION
These studies reveal intricacies of the conformational fluctua-
tions for ABA pathway proteins as they interact with their
binding partners to propagate signaling. Gate/latch closure of
PYL2 induces significant stabilizing interactions with the
Trp385 lock region in the HAB1 phosphatase that are not seen
in the interaction with SnRK2s. ABA production in plants must
invoke a more attractive receptor binding site for phosphatases
over kinases to allow for signal propagation. The preferential
affinity of HAB1 phosphatase for ABA-bound PYL2 over
SnRK2s could be driven by this highly stabilizing interaction
around Trp385. The absence of stabilization at the lock region
in the presence of kinases indicates that these complex forma-
tions are driven by other interactions, notably the aG helix and
the N-terminus, based on perturbation of HDX kinetics and
proximity to the protein-protein docking interface in the crystal
structure. Mutagenesis studies of W385 suggest that there
could be a potential-receptor specific interaction not present
with kinases (Miyazono et al., 2009; Dupeux et al., 2011), and232 Structure 21, 229–235, February 5, 2013 ª2013 Elsevier Ltd All rthe data here provide structural/conformational evidence to
support this phenomenon.
Kinases are classically modeled as adopting two general
states: open and closed. Signaling can be promoted by in-
creased fluctuation between states (Li et al., 2002; Rabiller
et al., 2010) to complete a substrate phosphorylation cycle, or
signaling can be promoted by preference for a more active
(closed) state (Kornev et al., 2006; Chen et al., 2009; Rabiller
et al., 2010). When corrected for back exchange, deuterium
uptake comparisons can distinguish between these two cases.
A decrease in deuterium uptake can be indicative of enhanced
conformation stability or less frequent fluctuation between con-
formations. SnRK2.6 has greater global stability than SnRK2.3
based on previous thermal shift assays (Ng et al., 2011). In addi-
tion, a larger portion of the active loop was resolved in SnRK2.6
X-ray crystal structures than in SnRK2.3, which again supports
greater stability for SnRK2.6. HDX shows lower deuterium incor-
poration for SnRK2.6 than for SnRk2.3 at specific regions (Fig-
ure 3C). This suggests SnRK2.6 either adopts a more stable
conformation or fluctuates between conformations less fre-
quently. Because SnRK2.6 is the more active kinase, a more
stable conformation fits with this model. Thus, SnRK2 activity
is linked to a preference for the more stable closed state with
less solvent exposure (Figures 3A and 3C).
While X-ray crystal structures of ABA signaling pathway
proteins provide atomic resolution models of a single conforma-
tion, HDX studies probe all conformations sampled by the
protein populations in solution and provide a structural context
for the solution phase conformational dynamics of proteins in
this signaling pathway. The lack of stabilization around the phos-
phataseW385 lock in the presence of kinases provides evidence
that unique conformations/interactions are present in PYL2
complexes that direct ABA-bound receptor signaling through
phosphatase inhibition. Preference for kinase closed state
conformations likely governs activity levels. In the absence ofights reserved
Figure 3. Comparisons between Kinases
(A) Theoretical energy landscape for SnRK2
kinases. In this model, the active conformation is
the closed conformation.
(B) Comparison of deuterium uptake for select
regions of SnRK2.6 and SnRK2.3. The sequences
of the kinases are represented on a horizontal strip,
with selected regions indicated and highlighted
green. The amino acid numbers of peptides from
these regions are indicated above the sequence
(SnRK2.6) or below the sequence (SnRK2.3).
(C) Deuterium uptake plots for three regions, two
of which show increased stability (greater pro-
tection to HDX) for SnRK2.6 compared with
SnRK2.3. The data are plotted as percent deute-
rium uptake versus time on a logarithmic scale.
Vertical error bars show 1 SD in each direction.
Peptide sequences for the N-terminal peptide are
PIMHDSDRYE, VAVKYIERGEKIDE for the ATP
binding region peptide (D is substituted for E in
SnRK2.3 where indicated by underline), and
GYSKSSVL for the activation loop peptide. The
activation loop peptide is shown as an example
of a region showing no statistical differences
between the two kinases.
Figure S3 contains the HDX sequence heat map
for apo SnRK2.3.
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Structural Mechanisms in the ABA Signaling PathwayABA inhibition of kinases by HAB1, phosphatase occurs through
a direct interaction leading to stabilization of the activation loop,
linker, and the aG helix. The kinases share identical active loop
sequences, so stabilization of this region likely arises from
conformational restriction at other regions, such as the linker.
These studies enhance our understanding of ABA signaling,
and will support future bioagricultural research.
EXPERIMENTAL PROCEDURES
Protein Preparation
The proteins in this study (PYL2, HAB1, SnRK2.3, and SnRK2.6) were analyzed
using HDX with mass spectrometry, both in the apo state and in protein-
protein complexes. Proteins were prepared in a 25 mM Tris, 200 mM ammo-
nium acetate, 1 mMEDTA, 1 mMDTT, and 10% glycerol buffer at pH 8.0 using
methods previously described (Melcher et al., 2009; Ng et al., 2011). HDX
buffers were identical, but did not contain glycerol and were dissolved in
D2O (99.9%). PYL2 and HAB stock solutions were prepared at 10 mM, and
SnRK2 stock solutions were prepared at 15 mM.When in complexes with other
proteins, PYL2 complexes and HAB1:SnRK2 solutions were prepared 1:1 (at
10 mM) and SnRK2:HAB1 solutions were prepared 3:10 (15 and 50 mM).
Complexes were allowed to equilibrate for 1 hr at 4C before HDX and
liquid-chromatography mass spectrometry. Solution handling and mixing
was performed with a LEAP Technologies Twin HTS PAL liquid handling robot
interfaced with an LTQ Orbitrap mass spectrometer (Exactive, ThermoFisher
Scientific) (Chalmers et al., 2006).
Tandem Mass Spectrometry Sequencing
Sequence coverage experiments for these proteins were carried out in PBS.
Protein concentrations in PBS were 19 mM for HAB1, 21 mM for SnRK2.6,
and 12 mM for SnRK2.3. A total of 20 ml of each of these protein solutions
was diluted into 30 ml of 3 M urea/1% (v/v) trifluoroacetic acid (TFA) prior
to digestion, chromatographic separation and mass spectrometry analysis.
Protein digestion was carried out in line with chromatography using an
in-house packed immobilized pepsin column (1 mm internal diameter 3
20 mm) (Busby et al., 2007). The mobile phase for enzymatic digestion was
H2O with 0.1% (v/v) TFA. For high-performance liquid chromatography
(HPLC), buffer A was H2O containing 0.3% (v/v) formic acid and buffer B
was acetonitrile/water at 4:1 (v/v) containing 0.3% formic acid. Separation ofStructure 21, 22the digest was achieved with HPLC using an HT Ultra pump (Eksigent, Dublin,
CA) at a flow rate of 5 ml/min, a Zorbax 300SB-C8 53 0.3 mm trapping column
(Thermo Fisher Scientific, San Jose, CA), and a Hypersil Gold C8 100 3
0.32 mm, 5 m separation column (Thermo Fisher Scientific) using a 60 min
gradient, which started with 5% buffer B and linearly increased to 45% buffer
B. The electrospray ionization (ESI) MS and collision-induced dissociation
(CID) tandem mass spectrometry (MS/MS) spectra of the peptides eluted
from HPLC were acquired in positive ion mode on a quadrupole linear ion
trap mass spectrometer equipped with an ESI source (Thermo Fisher
Scientific) at a capillary temperature of 225C and spray voltage of 3.5 kV.
Mass spectra were acquired over 300–1,700 m/z. Tandem mass spectra
were obtained using data-dependent acquisition with dynamic exclusion,
where the top five most abundant ions in each scan were selected and sub-
jected to CID. Each scan was the average of three microscans under normal
scan mode in both MS and MS/MS.
All MS/MS spectra were analyzed using MASCOT. Searches were run with
carboxamidemethyl cysteine, methionine oxidation, and phosphorylation as
potential modifications. Peptides included in the peptide set used for HDX
had a MASCOT score of 20 or greater. In addition, the MASCOT search was
also performed against a decoy (random) sequence, and ambiguous identifi-
cations were removed from the peptide set.
Hydrogen/Deuterium Exchange
On exchange was initiated by diluting protein or protein-protein complexes
1:4, 4 ml into 16 ml of D2O exchange buffer (or H2O buffer for ‘‘0 second’’
samples) and incubated for predetermined times (10, 30, 60, 300, 900, and
3,600 s) at 4C before adding all 20 ml to 30 ml of a 3 M urea/1% TFA solution
at 1C to quench deuterium exchange. Digest was performed in line with chro-
matography using an in-house packed pepsin column at 50 ml/min, and
peptides were captured and desalted on a 2 mm internal diameter C8 trap
(Thermo Fisher Scientific). Peptides were then separated across a 5m 50 3
1 mm Betasil C18 column (Thermo Fisher Scientific) with a linear gradient of
12%–40% acetonitrile in 0.3% formic acid over 5 min before MS analysis.
Protein digestion and peptide separation were performed within a thermal
chamber (Me´cour) held at 15C and 1C, respectively, to promote more
efficient digestion while reducing D/H back exchange. Three replicates were
performed for each HDX time point.
The intensity weighted average m/z value (centroid) of each peptide’s
isotopic envelope was calculated with in-house-developed software (HD
Desktop; Pascal et al., 2009) and converted to percent deuterium values.9–235, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 233
Figure 4. Inactivation of Kinases Stabilizes
Regions Associated with Activity
HDX Perturbation Data for HAB1 Phosphatase
and Binding Partners
(A and B) HDX perturbation (i.e., changes to
deuterium uptake; see Figure S4 for more detail)
data overlaid onto crystal structures using a color
gradient (see legend to the right) for (A) the ABA-
bound PYL2/HAB1 complex, and (B) the SnRK2.6
and SnRK2.3/HAB1 complexes. ABA is colored
red, the W385 side chain is colored pink, and
magnesium ions are shown as magenta spheres.
The linker region for SnRK2.3 was not resolved in
the crystal structure and is arbitrarily drawn in here
to show the HDX data. The SnRK2.6-bound HAB1
structure is shown beside the apo SnRK2.3
structure because the complex has not been
resolved at the time of this publication.
(C) Change in percent HDX across all six exchange
times for three selected regions of interest in the
two kinases. The change in HDX is calculated for
the kinases in the presence and absence of the
HAB1 phosphatase inhibitor. Vertical error bars
show 1 SD in each direction.
Figure S4 contains HDX perturbation sequence
maps for the overlays seen in (A) and (B).
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Structural Mechanisms in the ABA Signaling PathwayThe corrections for back exchange were made based on an estimated 70%
deuterium recovery and accounting for the known 80% deuterium content of
the on-exchange buffer. Subtractive analysis was usedwhen possible for color
coding three-dimensional structures (i.e., HDX rates from overlapping pep-
tides were used to calculate HDX rates for sequence regions with no direct
peptide coverage). Theoretical HDX rates were calculated using a spreadsheet
(Liu et al., 2012) based on experimentally determined kinetics (Bai et al., 1993).
Where indicated, a one-way analysis of variance (ANOVA)/Tukey (95% confi-
dence interval) was used to determine significance using prism software.
For back-exchange correction, experiments were repeated with full deute-
rium controls. Full deuterium control samples were run in triplicate. Protein
stocks were diluted into fully deuterated 0.1M sodium phosphate, 3M urea,
and 1.0% TFA (1:4, the same ratio as stock:D2O buffer) and incubated at
37C for 16 hr. Then 20 ml aliquots were added to 30 ml of cold quench
buffer in the same manner as HDX samples (above). Sample analysis and
data analysis were carried out as described for HDX samples (above), except
that no correction for estimated deuterium recovery was applied. Instead, the
average percent deuterium values from each triplicate sample was divided by
the average percent deuterium values from the full deuterium controls to
correct for individual peptide back exchange. Data were plotted using the
Prism software.
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